P erinatal hypoxia-ischemia (HI) is a significant cause of neonatal brain injury. Neonatal animal models of HI show that excessive production of nitric oxide (NO), mediated by nitric oxide synthases (NOS), play an important role in the pathogenesis of neuronal injury after HI in the neonate.
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There was a significant overall effect of 2-IB on survival with a normal aEEG at 48 h (P=0.0047; Table 1 ). Treatment was effective in all 3 dosing groups, with the 0.2 mg/kg/ dose group showing the highest proportion of surviving animals with a normal aEEG at 48 h. 2-IB treated piglets also demonstrated significantly less tyrosine nitration in thalamus, parietal, and temporal cortex at all doses versus vehicletreated piglets (Figure) . No nitrotyrosine-modified substrates were observed in sham-operated piglets.
Caspase-3 activity in thalamus was not significantly different between groups (P=0.096; Table 2 ). aEEG-patterns over time are shown in the online-only Data Supplement. Electrographic seizure activity was detected in all HI-injured piglets from about 4 h onwards until 48 h but was abolished in the 0.2 and 1.0 mg/kg dose groups between 24 and 48 h. Neurobehavioral and histology scores did not show significant differences (see the online-only Data Supplement).
Discussion
The aim of the present study was to determine the short-term dose-response characteristics of 2-IB for treatment of moderate to severe perinatal HI. Animals treated with 2-IB demonstrated greater survival with a normal aEEG at 48 h and reduced tyrosine nitration. Decreased nitrotyrosine staining supports the NO pathway as a potential mechanism of neonatal HI injury. The aEEG background pattern is known to be an early predictor of brain injury in term infants with hypoxicischemic encephalopathy. 7 Because piglet HI brain injury closely mimics that of human HI brain injury, the effect of 2-IB on aEEG background pattern can be considered a good biomarker of clinical outcome. 8 In our piglet model, 2-IB treatment promoted recovery of aEEG background pattern and reduced epileptic activity.
In human term-equivalent rats, 2-IB neuroprotection has been demonstrated at 10 mg/kg/dose when administered s.c. three times in 24 h. 9 Previous studies in newborn piglets examined only 0.2 mg/kg/dose and reported neuroprotection at 24 h with 6 doses (i.v.) every 4h. 10, 11 Our current study supports that the full dose range of 0.1 to 1.0 mg/ kg 2-IB is safe; the 0.2 mg/kg/dose shows the most promising short-term outcome data in our piglet model of perinatal HI. Limitations of this study include the treatment with 2-IB immediately postinsult, and the potential bias caused by the exclusion of mildly affected piglets. Because hypothermia is currently an established treatment for perinatal HI in high-income countries, preclinical studies of combination therapy of 2-IB with delayed hypothermia would be essential before a clinical trial can be considered. For translation into human clinical studies (perinatal HI without hypothermia), we believe that a starting dose Point estimates for each arm as well as estimated differences between 2-IBtreated groups and vehicle, both with 95% confidence interval. Point estimates for each arm (on the log and original scale) as well as estimated ratio of geometric means between 2-IB-treated groups and vehicle, all with 95% confidence interval.
ONLINE SUPPLEMENT Supplemental Methods
Animal Model
Large white newborn piglets (n=53) were obtained from the University of Queensland Gatton Piggery. Average (±SEM) postnatal age and weight was 13.62 h (±0.93) and 1.61 kg (±0.03) respectively. The HI insult was performed as previously described. 1 In brief, piglets were anaesthetised, ventilated and an umbilical arterial catheter inserted for monitoring blood pressure and arterial blood gases. Hypoxia was induced (n=47) by decreasing inspired oxygen (O 2 ) to 4% for 30 min and decreased to 2% if low amplitude EEG (laEEG; <5 µV) was not reached within the first 4 min; O 2 was manipulated as necessary to maintain mean arterial blood pressure (MABP) >70% baseline, heart rate >130 bpm and laEEG <5 µV. Hypotension was induced for the final 10 min of the HI insult by decreasing O 2 if necessary until MABP was <70% of baseline. Six animals served as sham-operated controls undergoing all procedures except the HI insult. Animals were housed in pairs following recovery from anaesthesia until euthanasia at 48 h post-HI.
Post-insult monitoring of aEEG and seizures
The aEEG and seizure monitoring protocol can be found in detail elsewhere.
2 aEEG (BRM2; Natus, San Carlos USA) was recorded for 30 min every 4 h during the first 24 h after HI, and at 48 h post-insult. Blinded analysis of the aEEG was performed off-line using Analyze software (BrainZ Instruments). aEEG background pattern was scored as continuous normal voltage (CNV), discontinuous normal voltage (DNV), burst suppression (BS), continuous low voltage (CLV) or flat trace (FT) and, presence of epileptic activity scored as no seizures (NS), single seizure (SS), repetitive seizures (RS) or status epilepticus (SE). 3 Animals were observed during all aEEG recordings and during feed times for presence of clinical seizures. Clinical seizures were treated with phenobarbitone (20 mg/kg i.v., Sigma, Croydan, VIC, Australia) and midazolam (0.2 mg/kg i.v., Sandoz, Pyrmont, NSW, Australia). If seizures continued, piglets were euthanased with an overdose of pentobarbitone (Sodium Pentobarbitone, Virbac, NSW, Australia, 325mg/ml, 2ml/kg).
Neurobehavioural scoring
Animals were assessed for neurobehaviour at 4, 8, 12, 16, 20, 24 and 48 h as previously described.
2,4 Animals were assessed on nine measures such as level of consciousness, respiration, ability to stand and walk, the righting reflex and presence of clinical seizures. Each measure was assigned a score of 2=normal, 1=moderately abnormal or 0=pathologic. Measures were totalled to achieve a maximal score of 18=normal.
Pharmacokinetic analysis
Blood samples for pharmacokinetic (PK) analysis were taken at the following time points: 15, 30, and 60 min after infusion of the first dose, just before infusion of the second dose, and 15 min, 30 min, 1 h, and 4 h after infusion of the 6 th dose. CSF samples were taken 15 minutes and 4 h after the 6 th dose, and at 48 h. Concentrations of 2-IB in plasma and CSF were determined using HPLC (Waters Corporation, Milford, MA, USA). For each dose, all PK parameters were calculated from curves constructed from each animal. Non-compartmental analysis was applied using the constant infusion model and the validated WinNonlin® 5.2 program (Pharsight Corporation, Mountain View, CA, USA). C max (maximum plasma concentration), AUC last (area under the plasma concentration-time curve from time of administration until the last measurable plasma concentration) and AUC∞ (area under the curve after a single dose from time of administration until infinity) were determined. The lower limit of quantification (LLOQ) of 2-IB in plasma and CSF was 5 ng/mL. Values below LLOQ after C max were excluded from the PK evaluation.
Tissue collection
At 48 h piglets were anaesthetised (1-2% isoflurane using a facemask), intraperitoneally injected with an overdose of pentobarbitone (Sodium Pentobarbitone, Virbac, NSW, Australia, 325mg/ml, 2ml/kg) and perfused intracardially with saline to remove blood from the brain. Brains were removed and sliced coronally (3-4 mm) . Sections from the right hemisphere were immersion fixed in 4% paraformaldehyde overnight while sections from the left hemisphere were dissected into frontal, parietal, temporal, occipital cortex, striatum, hippocampus and thalamus, snap frozen and stored at -80°C.
Assay of caspase-3 activity
Tissue pieces were homogenized in 10 volumes of ice-cold 50 mmol/L Tris-HCl/ 5 mmol/L EDTA (pH 7.3). Protein concentrations were determined by BCA protein assay (Pierce BCA Kit, Thermo Scientific, Rockford, IL, USA). Activated caspase-3 activity was determined by cleavage of DEVD-AMC at 25°C (RT) with the Multimode Analysis Software and Paradigm detection platform (Bechman Coulter Australia Pty Ltd, Gladesville, NSW, Australia) and expressed as picomoles AMC released/milligram protein/minute.
5,6
Histology Paraffin-embedded tissue sections (4µm) were stained with haematoxylin and eosin (HE) to assess neuronal injury. Blinded examination of thalamus, hippocampus, striatum, frontal, parietal, temporal and occipital cortex was undertaken and injury graded 0-9 with zero representing no injury and nine representing severe injury. 1 For each region, two sections with an interval of 40 µm were scored and averaged. Sections were scored according to degree of morphological changes as follows (see Table S1 ): 0=no injury; 1-3 neuronal necrosis (damage to individual neurons); 4-6 laminar necrosis (damage to a group or layer of neurons); 7-9 confluent infarct (damage to all cells within a defined area). Total histological injury score was the sum of all brain region scores (maximum possible score=63).
Immunohistochemistry
Sections were incubated with rabbit anti-nitrotyrosine polyclonal antibody (1:200, Millipore Australia Pty. Ltd, North Ryde, NSW, Australia) followed by incubation with goat-anti-rabbit secondary antibody (Vector-Labs, Burlingame, CA) and revealed using diaminobenzamidine (DAB -Sigma Chemical Co.-Aldrich). Full section images (resolution 600 dpi) were scanned, made binary and degree of nitrotyrosine staining measured in parietal and temporal cortex, striatum and thalamus with ImageJ 1.42q software as described previously (two sections with an interval of 40 µm were scored and averaged). 
Statistical analysis
Piglets with moderate to severe brain injury whose aEEG pattern did not recover to CNV within 30 minutes after the HI event were included for analysis. Primary outcomes were survival to 48 h with a normal aEEG (CNV) and activated caspase-3 activity in thalamus at 48 h after HI. The primary outcomes were analysed by logistic regression (survival with normal aEEG at 48 h) or analysis of variance (on log transformed caspase-3 activity), including treatment arm (excluding sham animals) as factor. An overall test of differences between treatment arms was performed at a two-sided significance level of 5%.
Subsequently, point estimates and 95% confidence intervals (CI) comparing 2-IB dose arms versus vehicle were determined. In addition, within group point estimates with 95% CI for each treatment arm were determined. A difference on log scale directly translates into a ratio (with CI) on the original scale. Hence, differences between groups for caspase-3 activity are also presented as ratios with 95% confidence intervals. Figure S1 : Example of a) mild HI and recovery of the aEEG within 30 min after the insult and b) moderate to severely asphyxiated piglet. Mild piglets were excluded while moderate to severely asphyxiated piglets were included in the analysis. 
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